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The eukaryotic DNA sliding clamp that keeps DNA polymerase
engaged at a replication fork, called proliferating cell nuclear
antigen (PCNA), is loaded onto the 3* ends of primer DNA through
its interaction with a heteropentameric protein complex called
replication factor C (RFC). The ATPase activity of RFC is necessary
for formation of a functional PCNA clamp. In the present study, the
sensitivity of RFC to partial proteolysis is used to show that
addition of ATP, ATPgS, or ADP induces different structural
changes in RFC. Direct observation by electron microscopy reveals
that RFC has a closed two-finger structure called the U form in the
absence of ATP. This is converted into a more open C form on
addition of ATP. In contrast, the structural changes induced by
ATPgS or ADP are limited. These results suggest that RFC adapts on
opened configuration intermediately after ATP hydrolysis. We
further observe that PCNA is held between the two fingers of RFC
and propose that the RFC structure change we observe during ATP
hydrolysis causes the attached PCNA to form its active ring-like
clamp on DNA.

During DNA replication, a highly organized protein-DNA
complex is formed at the replication fork, which proceeds

along double-helical DNA synthesizing leading and lagging
strands in coordination (1–4). The complex consists of more
than 10 components, highly conserved across organisms in
terms of structure and function (5–7). Intensive studies on the
DNA polymerases at prokaryotic replication forks have re-
vealed that they form dimers, synthesizing the two strands in
different modes simultaneously (1, 8). Despite progress with
prokaryotic systems, the precise configuration of proteins at a
eukaryotic replication fork is still poorly understood, and at
least three different DNA polymerases, a, d, and «, are thought
to exhibit independent roles in the fork (9, 10). Best under-
stood is the in vitro replication system for simian virus 40 virus
DNA, in which the replication fork has been reconstituted with
DNA polymerases a and d and the accessory proteins, PCNA
and RFC (11, 12). PCNA functions as a DNA sliding clamp, as
also reported for the Escherichia coli DNA polymerase III b
subunit and T4 phage gene 45 protein (13–15). Biochemical
and crystallographic studies have shown that these clamps all
have a characteristic ring structure, formed by a homomul-
timeric subunit complex that slides freely in both directions
along the double-helical DNA, which is threaded through it
(16–19).

DNA polymerases, which intrinsically have a limited affinity
for DNA, are stabilized on a template DNA by their sliding
clamps and thereby synthesize DNA processively (17, 20, 21).
The loading and unloading of clamps would be expected to be
controlled during DNA synthesis. For example, repeated
loading and unloading will occur during lagging-strand syn-
thesis, whereas unloading will be minimal during leading-
strand synthesis. Although the detailed mechanisms regulating
loading and unloading of these clamps have not been eluci-
dated, loading requires a temporary opening of the closed ring
to encircle the DNA (22). Because the head-to-tail connec-

tions of the monomer interfaces that form the ring are very
stable due to hydrophobic interactions, opening is an energy-
consuming step. Factors called clamp loaders are required, and
RFC plays this role for PCNA in eukaryotes (23, 24). RFC is
in a heteropentameric complex composed of one large (140
kDa) and four small subunits (40–36 kDa). It binds specifically
to PCNA and the 39 end of primer DNA, and it exhibits
ATPase activity (25, 26). The five subunits of RFC individually
have nucleotide-binding motifs and potential ATPase activity
(23), and four of these subunits are essential for PCNA-loading
activity (27). O’Donnell’s group has studied the clamp-loading
process in detail by using E. coli factors (28, 29) and confirmed
that an opening of the b-subunit ring is driven by a structural
change of its loader protein g subunit caused by ATP binding.
Thus, one would predict that RFC would also change its
structure in an ATP-dependent manner and thereby drive the
temporary opening of the PCNA ring.

Here, we show there is a dynamic alteration of the interaction
between RFC and PCNA caused by ATP hydrolysis. Further-
more, we examine the structural change produced in RFC by
ATP hydrolysis by using both biochemical methods and electron
microscopy (EM). Our data strongly suggest that the structural
change of RFC caused by ATP hydrolysis promotes an opening
of the attached PCNA and its loading onto DNA.

Materials and Methods
Purification of Proteins. Human PCNA was purified from E. coli
harboring pT7-PCNA by using three column chromatography
steps, as published earlier (30). Human RFC was prepared from
insect cells (SF9) infected with a mixture of baculoviruses
carrying all the human RFC genes by affinity chromatography on
a PCNA–agarose column by a procedure modified from a
previous method (24).

Surface Plasmon Resonance Analyses. All procedures were per-
formed with BIACORE 2000 (Biacore, Uppsala, Sweden) in
Running Buffer (10 mM Hepes–NaOH, pH 7.4y0.2 mM
EDTAy10 mM MgCl2y0.05% Tween 20y150 mM NaCl). PCNA
(1 3 103 resonance units) was fixed on a sensor chip CM5
(Biacore), and kinetic experiments were performed after injec-
tion of various concentrations of RFC with or without 1 mM
ATP, ATPgS, or ADP. Dissociation and association rate con-
stants (koff and kon) were obtained for a simple binding model of
A 1 B 5 AB by using BIAEVALUATION 3.0 software (Biacore),
and KD values were calculated as their ratios.

Abbreviations: PCNA, proliferating cell nuclear antigen; RFC, replication factor C; Lys-C,
endopeptidase Lys-C; EM, electron microscopy; TEM, transmission EM; AFM, atomic force
microscopy.
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Gel Mobility-Shift Assay of RFC. RFC (10 ng) was incubated in 10
ml of 10 mM Hepes–NaOH (pH 7.5)y10 mM MgCl2y130 mM
NaCl with or without 1 mM ATP at room temperature for 5 min,
fixed with 0.1% glutaraldehyde at room temperature for 3 min,
separated in a 4% acrylamide gel in Tris–glycine buffer (25 mM
Trisy192 mM glycine, pH 8.3), and stained with silver (Dai-ichi
Pure Chemicals, Tokyo). In the case of the PFC-PCNA complex,
6 ng of PCNA and 15 ng of RFC were incubated in 3 ml of 10
mM Hepes (pH 7.5)y0.2 mM EDTAy10 mM MgCl2y0.05%
Tween 20y150 mM NaCl with or without 1 mM ATP, ATPgS,
or ADP at room temperature for 3 min and fixed and analyzed
as above, except that the separation was performed on a 3–8%
acrylamide gel (Tris-acetate, NuPAGE in Tris-glycine buffer;
NOVEX, San Diego).

Partial Proteolysis. RFC (300 ng) was preincubated with 1 mM
ATP, ATPgS, or ADP in 10 mM Hepes–NaOH (pH 7.5)y
130 mM NaCly10 mM MgCl2, followed by digestion with 15 ng
of endoprotease Lys-C (Lys-C; Promega) or 15 ng of trypsin
(Sigma) at room temperature for 60 min. The digested peptides
were separated in 4–12% gradient polyacrylamide gels (Bis-Tris
SDS NuPAGE in NuPAGE Mes SDS running buffer; NOVEX)
and stained with silver as above.

Transmission EM (TEM). Protein samples were incubated with or
without 1 mM ATP at room temperature for 5 min in 20–30 ml
of the buffer used for the partial proteolysis and fixed with 0.1%
glutaraldehyde at room temperature for 3 min. Samples were
mixed with Tris-HCl (pH 7.9) at final 100 mM and dialyzed on
mixed cellulose ester membranes (type VM; Millipore) with 10
mM Hepes–NaOH (7.5)y0.01% Nonidet P-40y50 mM NaCl for
1 hour at 4°C. Glycerol was added to a final concentration of
50%, and the mixtures were sprayed onto freshly cleaved mica
surfaces by using a painter’s airbrush. The protein–glycerol
drops on mica were dried in a vacuum (1 3 1026 Pa) for 10 min
at room temperature in a freeze-etching device (FR-7000,
Hitachi, Tokyo) and cooled down to 2100°C with liquid nitro-
gen. Subsequently, specimens were rotary shadowed with plat-
inum at an angle of 2.5° to the mica surface, followed by carbon
evaporation at an angle of 90°. The shadowed platinum films
were removed from the mica by soaking into water and mounted
on copper grids. Images were taken with a HitachiH-7100
electron microscope (access 100 k voltage) onto films at a
magnification of 3100,000 and captured by using a Polascan 45
film scanner (Polaroid) (31–33). Images were further processed
with Adobe PHOTOSHOP software (Adobe Systems, Mountain
View, CA).

Atomic Force Microscopy (AFM). RFC was fixed in the presence or
absence of ATP as described above, mounted on a freshly
cleaved mica surface, incubated for 0.5–3 min, washed gently
with water, and dried under nitrogen gas. AFM imaging in air by
tapping was carried out at room temperature in the height mode
with a scanning rate of 3–4 Hz by using a Nanoscope IIIa with
a type E scanner (Digital Instruments, Santa Barbara, CA) (34).
As scanning probes, we used conventional probes made of a
single-silicon crystal with a cantilever length of 129 nm and a
spring constant of 33–62 Newtonymeter (Digital Instruments)
or those attached with a carbon nanotube (ref. 35; f 5 5 nm).
Images were captured in a 512 3 512 pixel format, f lattened,
plain fitted, and analyzed with NANOSCOPE software (Digital
Instruments).

Results
Alteration of the Interaction Between RFC and PCNA. The relation
between ATP hydrolysis by RFC and the strength of the
RFC–PCNA interaction is of interest, because ATP is required
for the PCNA-loading process (36, 37). Their affinity of binding

to each other in the absence or presence of ATP, ATPgS, or
ADP was compared by the surface plasmon resonance method
(38). The results are shown in Fig. 1A. In the absence of ATP,
RFC has a significant affinity for PCNA, with a dissociation
constant, KD, of 9 3 10 210 M. In the presence of excess ATP,
the KD decreases to 2 3 10210 M, representing binding that is
about five times stronger than without ATP. To determine
whether this increase occurs with ATP binding alone, we mea-
sured the affinity in the presence of ATPgS, a poorly hydrolyzed
analogue of ATP. The KD observed was 1 3 1029 M, an even
weaker binding than that found without ATP. The ADP-bound
form of RFC is an even worse binder, with a KD 5 1 3 1028 M,
two orders of magnitude weaker than with ATP. It should be
noted that ATPgS is a good ATP mimic for RFC, because the
Ki value of ATPgS for RFC ATPase was calculated to be lower
than the Km value for ATP according to analysis with budding
yeast RFC (39). Furthermore, ATPgS and ADP at 1 mM would
be saturated for these experiments, because their addition at 0.1
mM made almost the same binding profiles. Thus, the interaction
between RFC and PCNA would seem to be strongest for a
transient conformation that follows ATP hydrolysis.

The above results are supported by native-gel electrophoresis
of PCNA-RFC complexes crosslinked with glutaraldehyde under
different conditions. PCNA-bound RFC was distinguishable
from free RFC by a decrease in its mobility (Fig. 1B). Under
physiological salt conditions (0.15 M NaCl), the complex is
observed under all conditions, except with ADP as the nucleo-
tide. When we increased the NaCl concentration to 0.5 M, the

Fig. 1. Studies of the interaction between RFC and PCNA. (A) Surface
plasmon resonance analyses. Indicated concentrations of RFC were injected
into a sensor chip prefixed with about 1,000 resonance units of PCNA. All of
the procedures were performed with 150 mM NaCl Running Buffer, with RFC
as the analyte without nucleotides (1) or with 1 mM ATP (2), ATPgS (3), or ADP
(4). KD values with SD obtained from three injections were (1 6 0.4) 3 1029 M
(2 6 0.5) 3 10210 M (9 6 2) 3 10210 M and (1 6 0.8) 3 1028 M, respectively. (B)
Gel mobility profiles of RFC and RFC-PCNA complexes without ATP (2, lanes 2
and 7), with ATP (lanes 3 and 8), with ADP (lanes 4 and 9), or with ATPgS (lanes
5 and 10) at 0.15 M (lanes 1–5) or 0.5 M (lanes 6–10) NaCl. Arrows indicate
migration positions of silver-stained RFC and RFC-PCNA complex. In lanes 1
and 6, only RFC was applied. PCNA runs at the dye front and does not appear
in this picture under these electrophoresis conditions.
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complex dissociated completely in the presence of ADP and
ATPgS, partially in the absence of nucleotides but not at all in
the presence of ATP. Thus the stability order of the RFC-PCNA
complex is ATP . no nucleotide . ATPgS . ADP, consistent
with the affinity constants measured by surface plasmon reso-
nance above.

Alteration of the Proteolytic Digestion and Native Gel Electrophoresis
Profiles in RFC. To obtain evidence of a structural change in RFC
caused by ATP and its hydrolysis, we studied its partial Lys-C or
trypsin digestion profiles in the presence or absence of ATP,
ATPgS, or ADP. As indicated in Fig. 2A, the largest subunit was
very sensitive to digestion with both proteases. With Lys-C
digestion, intensities of the bands for the small subunits of 40–36
kDa were decreased specifically under ATP minus conditions,
and two additional short peptides of 17 and 10 kDa appeared
(arrowheads in lane 1). With trypsin digestion, addition of ATP
resulted in a different profile from other conditions, and a band
of 50 kDa disappeared and that of 21 kDa appeared specifically
(arrowheads in lane 6). The results indicate that the structure of
RFC differs in the presence or absence of ATP, and this
structure is also distinguishable from those found in the presence
of ATPgS or ADP.

The structures in the presence (1) or absence (2) of ATP
were also studied by mobility shift on native gel electrophoresis
after fixation with glutaraldehyde. A small but significant mo-
bility shift of RFC could be detected (Fig. 2B, 2 and 1). The
migration in the presence of ATP, as shown by densitometric
tracing, indicates that RFC becomes slightly more enlarged in
shape and more heterogeneous in conformation. Addition of
ATPgS or ADP resulted in no significant shift from the nucle-
otide minus condition (data not shown), indicating minimal
effects on the conformation of RFC, if any.

TEM Observation of RFC Structure. We studied the structure of the
individual RFC molecule by TEM after low-angle shadowing
(31–33). With this method, PCNA appears as a ring composed

of three units of similar size, as revealed previously by crystal-
lography (Fig. 3 A–D). The average diameter from 190 obser-
vations was 18 6 1.8 nm, indicating about 2-fold enlargement by
shadowing. Examination of RFC in the absence of ATP before
and after glutaraldehyde fixation (Fig. 3 E–H and I–Q) did not
reveal any significant effect of fixation. In both cases, an oval
structure with a cleft starting from one end of the longer axis was
apparent, referred to as the ‘‘U form’’ on the basis of its shape.
The average dimensions from 183 images of fixed samples were
33 6 3.2 nm and 28 6 2.9 nm for longer and shorter axes,
respectively. If one assumes a constant enlargement factor of 2,
we obtain the approximate size of RFC of 16 3 14 nm, in good
agreement with a 290-kDa protein. We were able to distinguish
five subunits aligned in a circle in some fine images (I, J, O,
and Q).

Observation of an ATP-Dependent Structural Change in RFC by TEM.
Most RFC molecules fixed in the presence of ATP appeared in
U form, as also observed in the absence of ATP (data not
shown). A significant population, however, exhibited what ap-
pears to be a different shape, referred to as the ‘‘C form,’’ in
which the cleft seemed to be opened to the sides (Fig. 3 R–V).
Sixteen of 192 images, corresponding to 8% of the entire
population, were judged to be obviously in this C form. In
contrast, we were not able to detect this shape in 127 ATP-minus
images. We believe that the population with this new shape is
significant and that only a limited number of molecules show the
structure, because we are fixing a heterogeneous population of
molecules that are produced by ATP hydrolysis. The wider
mobility distribution observed for the native gel electrophoresis
in the presence of ATP (Fig. 2B) supports this interpretation.

The 8% C form could be an underestimation, as nearly
one-half of the images seemed likely but not unequivocally to be
in the C form in the population with ATP. This population could
be intermediate between U and C forms in shape or might reflect
the C form in a suboptimal orientation for observation. How-

Fig. 2. Changes in RFC conformation under various conditions, as deter-
mined by its partial proteolysis profile (a) and migration in native-gel elec-
trophoresis (b). (a) RFC was incubated with Lys-C (Left) or trypsin (Right) in the
absence of nucleotides (lanes 1 and 5 or in the presence of ATP (lanes 2 and 6),
ATPgS (lanes 3 and 7) or ADP (lanes 4 and 8), after which the digestion profiles
were assessed by electrophoresis in SDS-polyacrylamide gels. Arrowheads are
for bands whose appearance was changed by the addition or omission of
nucleotides. Molecular weights of RFC subunits are indicated. The small
subunits are not separated under these conditions. (b) RFC was fixed with
glutaraldehyde with (1) or without (2) ATP and analyzed by electrophoresis
on a native polyacrylamide gel. Densitomeric profiles of their bands are
provided (Left).

Fig. 3. Low-magnification images of PCNA (A) and RFC without ATP (E). B–D
and F–H are high-power views from A and E. Standard length bars for A and
E are 100 nm and for the others, 20 nm. The outlines of images for RFC in F–H
are drawn below with f–h. Typical images of U- and C-form RFC obtained
without and with ATP are shown in I and R, respectively. Examples of images
of RFC in the U form without ATP (J–Q) and the C form with ATP (S–V) are
shown. Outlines of images for the C form are drawn (Right) with s–v. The
samples for I–V and A–H were prepared with and without crosslinking,
respectively.
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ever, only images that could be judged to be obviously in the C
form were counted. We were unable to distinguish any obvious
C-form RFC structures in the presence or absence of ATPgS or
ADP (data not shown), suggesting that any structural changes in
these conditions are subtle.

Demonstration of RFC Opening by AFM. To further examine RFC
structural changes, we applied AFM, which allows analysis of
native molecular structures directly (34). However, because of its
limited resolution, AFM is not generally used for protein-
structure studies. We applied both regular cantilevers of high
quality or those harboring a nanocarbon fiber to obtain the high
resolution (35). With the latter technique, we were able to
distinguish the trimer configuration of PCNA (Fig. 4 A and B).
When RFC structure was studied in the absence of ATP, images
of a circular structure were observed (Fig. 4 C and D). In high
magnifications, they consist of 5 particles aligned in a circle
59.0 6 7.0 nm in diameter, probably corresponding to the U form
by the TEM studies (Fig. 4I). In the presence of ATP, the major
population appeared as a circular structure as above (Fig. 4 E
and F), but about 10% of molecules demonstrated an open
structure, with the subunits aligned in an arc 85.1 6 1.9 nm at
its longest cross section (Fig. 4 F–H), corresponding to the C
form in Fig. 3.

Therefore, structure studies for RFC on the basis of two
different principles have revealed exactly the same results in
which a significant population of RFC appeared in the C form
in the presence of ATP. Interestingly, we were able to distinguish
five separate units by AFM, presumably corresponding to the

five subunits. The second unit from one end of arc had a
remarkably larger mass than the other units, suggesting that it
corresponds to the largest subunit of RFC.

Two Fingers of RFC Hold PCNA. Taking the above observations into
consideration, it is clear that RFC changes its structure during
the hydrolysis of ATP. The next question is how the two-finger
motion might fit with the PCNA-loading mechanism. To address
this question, we studied the structure of RFC-PCNA complexes
in the presence of ATP by TEM. As shown in Fig. 5 A–C, we
detected images larger than both free RFC and PCNA in sizes
and corresponding to RFC-PCNA complexes. From a strict
viewpoint, it is difficult to distinguish where PCNA begins and
RFC ends. As shown in b and c, however, we were able to
interpret these images as separating into two parts reasonably, as
indicated by their outlines. One part is the same as free PCNA
in its shape and size. The other seems to correspond to RFC,
because it can be superimposed with that of RFC alone in Fig.
3R and has five separable units characteristic for RFC. These
results suggest that the two fingers of RFC hold PCNA between
them. Because of limitations of image resolution, however, we
could not detect a possible opening of the PCNA ring under this
condition. Interestingly, most RFC-PCNA complexes were in the
C form in the presence of ATP, although the observed number
was not enough for statistics. In the absence of ATP, none of the
complexes appeared in the C form, but images likely to be
complexes between the U-form RFC and PCNA were observed
(Fig. 5 D–F), as indicated by the difference of their dimensions
(see Fig. 5 legend). In these images, one part could be super-
imposed with the U form of RFC and the other part with PCNA
associated with the ends of RFC fingers (e and f ). To confirm
configuration of the PCNA-RFC complex precisely, further
improvements to distinguish each component in TEM images
will be necessary.

Discussion
The Conformation of RFC Induced by ATP. We have demonstrated
that the interaction between RFC and PCNA is affected in the
presence of ATP, ATPgS, or ADP, with the strongest affinity
found in the presence of ATP. Because the ATPgS- and
ADP-bound forms correspond to the ATP-bound and ATP-
hydrolyzed situations, respectively, the high-affinity state in-
duced by ATP may represent a transient intermediate. Prote-
olysis and native-gel electrophoresis experiments revealed that a
structure in the presence of ATP could be distinguished from
that not only without ATP but also with ATPgS or ADP. The
structure with the latter two nucleotides was altered in a
different fashion from that without ATP, as revealed by Lys-C
digestion, although no remarkable differences were apparent in
TEM images or by electrophoresis mobility. Therefore, multiple
conformational states dependent on nucleotide were observed
both by an affinity change between RFC and PCNA and by a
structural analysis of RFC. The above data, combined with our
EM results, suggest that the C form of RFC binds to PCNA most
tightly.

When RFC ATPase activity is measured under the same
conditions as for structural change, the hydrolysis rate is rela-
tively slow in the absence of DNA, with two to three ATP
hydrolyzed per minute per RFC molecule (data not shown). This
hydrolysis rate becomes more than two times slower in the
presence of PCNA (data not shown), suggesting that the struc-
ture change may stall in the C-form RFC-PCNA complex in the
absence of DNA. Binding to DNA should release RFC from such
stalling, because PCNA and DNA synergistically stimulate RFC
ATPase activity (25). Thus, we propose that RFC-PCNA com-
plexes form without DNA and find a target site by stalling in an
intermediate state of ATP hydrolysis competent for DNA
loading.

Fig. 4. AFM analyses of the subunit assembly and conformational change of
RFC. AFM images of PCNA consisting of three homologous subunits (A, B), and
RFC in the absence (C, D) or presence of ATP (E–H) at different magnifications.
Images were obtained with regular cantilevers for C, D, F, and G, and with
carbon nanotube tips for the rest, which provides a better lateral resolution.
In F, arrows and arrowheads indicate open and closed forms of RFC, respec-
tively. The frequency of finding the open forms was about 10% in more than
10 independent experiments. (I) A histogram that depicts the relationship
between the frequency (ordinate) and the apparent size of closed forms
without ATP measured through the cross section of the entire subunit com-
plex (abscissa). A statistical analysis revealed that the average of the measured
dimensions of the closed complex is 59.0 6 7.0 nm (n 5 98), which is reasonable
considering the size of the conventional AFM tip. In the case of C form, the
length of their longest cross section is 85.1 6 1.9 nm (n 5 5).
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There are two possible explanations for the intermediate state
observed in the presence of ATP. The first is that an ADP 1
Pi-bound state exists before Pi release to create the ADP-bound
form, as reported for the intermediates of some ATPase reac-
tions (40, 41). The second is that multiple ATP hydrolyses occur
in a stepwise fashion during the process. The five subunits of
RFC each have nucleotide-binding motifs and potential ATPase
activity (23), and four of them are essential for PCNA-loading
activity (27). If ATP hydrolysis by the four subunits occurs in a
stepwise manner, the C form may be induced as an intermediate
stage (Fig. 6). Such a stepwise ATP hydrolysis during the loading
of the E. coli clamp b-subunit has been reported (42). Of course,
a combination of these two types of explanations is also possible.

Structural Change and Loading. The present study demonstrates
that the five subunits of RFC are aligned in a circle and suggests
they work as two fingers, which can be opened through ATP
hydrolysis. AFM images suggest the second subunit from one
end is the 140-kDa subunit, the largest of the subunits. It is likely
that this subunit has a special role in inducing opening of RFC
andyor in binding to DNA. But elucidation of the precise order

of subunits in the complex and their individual roles awaits
future studies.

Our EM studies suggest that the two fingers of RFC hold
PCNA. A likely process for loading PCNA by means of structural
changes of RFC is diagrammed in Fig. 6. The PCNA-RFC
complex is formed at the 39 end of primer DNA in the presence
of ATPgS (43, 44). Thus, some change in the PCNA structure
may occur on binding of ATP to RFC, although no remarkable
change in RFC structure was detected by TEM in the presence
of ATPgS. On the other hand, the functional PCNA clamp is
formed only in the presence of ATP (45–47), where we observe
the C form of RFC. This C form may be important for transfer
of the DNA bound PCNA to its functional state. Alternatively,
one can claim that the structural change is independent of PCNA
opening and functions mainly in the binding of RFC to DNA.
This seems unlikely, because RFC has significant DNA-binding
activity without ATP, and addition of ATPgS fully activates
DNA binding when no prominent structure change of RFC has
occurred.

Previous work has demonstrated that the Asp-41 and C-terminal
tail of PCNA provide the site for interaction with RFC (30, 48).
These sites are present in three places in the trimer ring. The EM
images in the presence of ATP suggest that RFC fingers wrap
around the PCNA ring, with multiple contacts between the two
molecules. This situation presumably represents the most stable
interaction in the presence of ATP. These contacts may change
after completion of RFC ATP hydrolysis, facilitating recruitment of
second partners—for example, DNA polymerase d.

Fig. 5. TEM images of RFC-PCNA complexes. Low-power views of RFC-PCNA
mixed sample in the presence (A) and absence of ATP (D). Arrowheads and
boxes show images of free PCNA and RFC-PCNA complex, respectively. The
standard bar length is 100 nm. Enlarged images of RFC-PCNA complexes in the
presence and absence of ATP are shown in (B, C) and (E, F), respectively, with
standard bars of 20 nm. The dimensions of the complexes are 37.1 6 2.9 nm
and 28.9 6 4.9 nm at the longest and shortest axes in the presence of ATP (n 5
10), and 44.2 6 3.7 nm and 28.9 6 3.6 nm in the absence of ATP (n 5 10),
respectively. The apparent difference in their ratios of axes,1.28 and 1.53,
indicates the structural difference of the complex in the presence and absence
of ATP. Interpreted outlines for RFC (thick lines) and PCNA (thin lines filled
with shadow) are indicated below the images as b, c, e, and f. The overlapped
gray lines are the outline of Fig. 3R for b and c, 3F for e, and 3H for f,
respectively.

Fig. 6. A model for PCNA loading driven by RFC structural change. RFC
associates with PCNA independent of ATP and changes its structure on bind-
ing and hydrolysis of ATP. Because both the prominent change in the structure
of RFC and the loading of a functional PCNA clamp occur concomitantly by
hydrolysis of ATP, the PCNA ring may open during the structural change. Some
change in the PCNA structure may occur by binding of ATP, but the interme-
diate state formed during ATP hydrolysis produces the most pronounced
structural change, to the C form, in which two fingers of RFC can hold PCNA
strongly. This conformational change is proposed to open the PCNA ring to
form a functional PCNA clamp on DNA. The C-form state of RFC corresponds
either to an intermediate with bound ADP 1 Pi or to one with ATP hydrolysis
of only some of the multiple bound ATPs. If the latter is the case, individual
subunits might change their structure by stepwise hydrolysis of ATP, and the
accumulation of this change would gradually open the whole RFC molecule to
the C form. Through the structural change, the affinity between RFC and PCNA
is decreased, and a functional PCNA clamp is formed on DNA, to which DNA
polymerase d is recruited. The number of ATPs that appear in this figure is
arbitrary.
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In conclusion, our studies have provided direct evidence that
the clamp loader protein for PCNA changes its structure during
ATP hydrolysis. This presumably drives opening of PCNA. We
also showed that the affinity of RFC for PCNA changes dras-
tically coupled with the structural change. The proposed mech-
anism could explain how functional protein complexes are
formed during DNA replication, transcription, and recombina-
tion in an ATP hydrolysis-dependent manner. A significant
number of proteins harbor multiple ATP-binding motifs in these
reactions, and the importance of the ATP hydrolysis for their
function has been demonstrated (49, 50). The protein structural
change coupled with stepwise hydrolysis of ATP that we propose
here might therefore be a general mechanism for loading or

recruiting protein factors to target sites, with formation of
functional complexes and transfer of reactions to second stages,
as reviewed in ref. 51. Further biochemical and structural
biological studies of the PCNA clamp-loading reaction should
provide valuable insight into such reaction processes.
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